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ABSTRACT

Oil spills and storm water runoffs can have serious impact on the environment with
potentially major economic impacts. Given the limitation of current oil clean-up
technique, the application of nanotechnology for oil remediation has been widely studied
showing a promising avenue of research. This dissertation reports a cheap, facile and
cost-effective nanotechnology-based oil clean-up technique that has been optimized for
effectiveness and feasibility and reduced adverse environmental impacts. The synthesized
polyvinylpyrrolidone

(PVP)-coated

magnetic

nanoparticles

(NPs)

have

been

characterized using different techniques and the oil removal efficiency investigated under
a wide range of environmentally relevant conditions. Based on the characterization data,
NPs have a median particle size of 11.2 nm (interquartile range: 6.3–18.3 nm), a
dominant phase of magnetite (Fe3O4) and 8.5% of the mass of NPs belong to their PVP
coating. Oil removal experiment showed 100% oil removal from ultra-pure water using
the optimum condition (NP concentration: 17.6 ppm, magnetic separation: 40 min). Gas
chromatography–mass spectrometry results showed 100% removal of lower chain
alkanes (C9-C21) and greater than 67% of C22-C25 removal. Using the same NP
concentration, essentially 100% oil removal from synthetic freshwaters and sea water in
the absence of natural organic macromolecules (NOM) was observed. Also, nearly 100%
of C9-C20 alkanes were removed. The presence of NOM led to a statistically significant
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decrease in oil removal with NOM acting as a competitive phase for either PVP or oil and
reducing NP-oil interactions driven by the hydrophobic effect of PVP coating (p-value <
0.05). Ionic strength facilitated oil sorption presumably by enhancing the magnetic
separation of the oil-NP complex or altering PVP hydrophobicity (p-value < 0.05).
Alteration of the separation conditions allowed optimal oil removal, with essentially
100% oil removal under most but not all conditions. Using the same type of NPs, the
application of high gradient magnetic separation (HGMS) for the rapid removal of oil
from oil-water mixtures in a continuous flow system was studied. Using a magnetic field
of 0.18 T and 0.56 T, the oil removal percentage was 81.4% ± 2.9 and 87.3% ± 4.0, while
the NP removal efficiency was 48.8% ± 3.8 and 84.4% ± 5.2, respectively. For a low
magnetic field (0.18 T) and 1 h mixing, increasing the SS wool content from 0 to 100 mg,
the oil and NP removal efficiencies increased from 81.4% ± 2.0 to 86.7% ± 0.9 and from
48.8% ± 2.7 to 68.1% ± 0.4, respectively. We also tested the HGMS system for a longer
time by running the system for 7 h (3.5 h in two consecutive days) and treating nearly 17
L oil-water mixture. Using a magnetic field of 0.56 T and 1 h mixing time, oil and NP
removal in presence and absence of SS wool was greater than 80%. This study proposes a
promising nanotechnology-based oil remediation technique with a low adverse
environmental impact and a significant potential for a large scale oil clean-up.
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CHAPTER 1
INTRODUCTION
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1.1. APPLICATION OF NANOTECHNOLOGY FOR OIL REMEDIATION
Petroleum can be released into marine and non-marine environments from
different sources such as natural seeps or during extraction, transportation and
consumption of oil and may often have deleterious environmental consequences1. The
current oil clean-up response technologies (e.g. booms, dispersants, burning, and
skimmers) were used in the Deepwater Horizon oil spill in 2010 as they were used in the
Exxon Valdez spill in 19892. However, these technologies have significant limitations3
illustrating the need to develop novel techniques for oil remediation4, 5.
In recent years, nanotechnology has emerged as a potential novel solution for
environmental remediation. For example, zero-valent iron nanoparticles (NPs) are being
widely used for the clean-up of large-scale contaminated sites6, 7. These particles reduced
clean-up time, eliminated the need for treatment and disposal of contaminated soil and
significantly reduced some contaminant concentrations with a lower cost and lower
toxicity. Manufactured magnetic iron oxide NPs are interesting for oil remediation due to
their inherent low toxicity and magnetism, which allows easy separation from the
aqueous phase after sorption of the oil8, 9. Generally, engineered magnetic NPs for oil
remediation can be classified in two different materials10: as a single phase of NPs (e.g.
polymer-coated magnetic NPs11, 12) or as a component of a hybrid nanocomposite, such
as magnetic carbon nanotube sponges13 or three-dimensionally macroporous Fe/C
nanocomposites14. For example, Zhu et al. synthesized core-shell Fe2O3@C NPs for
removal of oil from water surface under magnetic field12. Carbon composite with Fe3O4
NPs showed excellent removal of oil, phenols and hydrocarbons15. Wang et al. reported
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the synthesis of pH-responsive polymer-coated magnetic NPs for oil-water separation16.
Reddy et al.17 synthesized recyclable polymer grafted magnetite NPs for oil removal from
water. They showed using higher amount of grafted polystyrene improves the oil removal
capacity. Researchers also utilized magnetic NPs to modify sponges/foams for oil
separation due to their magnetism property18. For example, Calcagnile et al.19 synthesized
a composite magnetic material using thermal decomposition technique for oil separation
from water. Similarly, magnetic NPs have been also used for preparing magnetic NPscoated fluorinated carbon fabric (CF) membrane and showed >95% efficiency for oilwater separation20. Gui et al.13 produced magnetic carbon nanotube sponges with porous
structures consisting of interconnected carbon nanotubes with Fe encapsulation. The
produced sponge shows a mass diesel oil sorption capacity of 56 g/g. The modified
magnetic sponges can be simply moved around oil-polluted waters using a magnet and
absorb the floating oil from the polluted regions, however dissolved oil and oil spills in
deep water (i.e. Deepwater Horizon oil spill) cannot be cleaned-up using these sponges.
Also, despite of their excellent oil removal efficiency under laboratory condition,
uncertainties associated with the large-scale application such as their fate and transport in
the environment and the potential risk to human or ecological health, remain poorly
understood21. These uncertainties highlight the importance of evaluating the benefits and
risks of this, and other, proposed clean-up technologies prior to its large-scale
deployment for oil remediation (and for other purposes). For instance, if the NP used for
remediation is itself toxic, uses will be limited22. Figure 1.1 illustrates the benefit and
potential risks of nanotechnology for oil remediation.
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1.2.

SYNTHESIS OF ENVIRONMENTALLY BENIGN NPS FOR OIL

REMEDIATION
1.2.1. Synthesis of iron oxide NPs. In the past few decades, different synthesis
techniques have been developed to produce iron oxide NPs for environmental
remediation. Iron oxide NPs are especially interesting for oil and other remediation due

Figure 1.1. Benefits and potential risks of nanotechnology for oil remediation.

to their inherent low toxicity and easy separation from the aqueous phase using a
magnetic field (with iron oxide in the magnetite/maghemite form). Current synthesis
techniques involve either “top down” or “bottom up” approaches. In a “top down”
approach, the materials are reduced in size via high pressure homogenization or milling,
whereas in a “bottom up” approach, self-assembly and precipitation are used to produce
NPs23. The most commonly used synthesis techniques for producing iron oxide NPs are:
4

co-precipitation, thermal decomposition, hydrothermal synthesis, micro-emulsion,
sonochemical and supercritical fluid (SCF) methods24. Most of these synthesis techniques
require the use of organic solvents, high temperature and multi-step complex synthetic
methods. For example, Palchoudhury et al.25 reported a solvothermal synthesis technique
to produce polyvinylpyrrolidone (PVP)-coated magnetic NPs for oil removal that requires
more than 6 L of triethylene glycol/kg of NPs. To lower the environmental hazard, a
synthesis technique which ideally does not use an organic solvent (i.e. a hydrothermal or
co-precipitation method) or needs a low-toxicity solvent is preferred and is more
environmentally sustainable.
Co-precipitation in aqueous solution is one of the simplest, most widely used and
most efficient chemical pathways to synthesize superparamagnetic iron oxide NPs26, 27. In
this technique, Fe(II) and Fe(III) salts are dissolved in an aqueous solution. The addition
of a strong base (e.g. ammonium hydroxide or sodium hydroxide solution) produces iron
oxide NPs, when used under the correct conditions. Although co-precipitation is a facile,
efficient and cost-effective synthesis technique, wastewaters with very high pH values are
generated during this process, and require subsequent treatment before discharge24. In
thermal decomposition technique, iron precursors (e.g. Fe(acac)3) decompose in high
temperatures using organic solvents and surfactants which generate NPs with a high level
of monodispersity and size control. However, this technique requires multi-step processes
and relatively high temperatures, along with organic solvents25. The excellent control has
an advantage because it produces an increased fraction of active NPs28. The trade-off
between better control and reduced inputs need to be optimized. Hydrothermal synthesis
includes different wet-chemical technologies of crystallizing substance in a sealed
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container in a high temperature aqueous solution (130-250 ºC) at high vapor pressure
(0.3-4 MPa) 24. SCF technology employs a substance that exists as a single phase above
its critical pressure and temperature to produce iron oxide NPs

29

. SCF has been

suggested to represent a green chemistry approach 26. The removal of organic solvents is
accompanied typically by high temperatures and pressures, meaning that large energy
inputs are required. Micro-emulsion utilizes the thermodynamically stable isotropic
dispersion of two immiscible phases (water and oil) with surfactant to produce magnetic
NPs. Particles produced by this technique are likely to aggregate and usually several
washing processes and further stabilization are required24, while solvents are used and
requires relatively high temperature. Sonochemical synthesis requires using organic
solvents under ultrasonication condition for producing magnetic NPs24. If NPs are
employed as a component of a hybrid nanocomposite additional fabrication steps need to
be performed following NP synthesis, requiring greater material and energy inputs. Solgel technique uses organic solvent and high temperature to produce iron oxide NPs
however this technique is highly temperature sensitive and production of a mix of
hematite and magnetite is likely30. Although co-precipitation methods have limitations
with respect to reduced NP control, their environmental ‘footprint’ is likely to be lower
(Table 1.1), while still producing NPs fully capable of oil remediation.
1.2.2. Scalability. The Deepwater Horizon produced 4.9 million barrels of crude
oil2 requiring > 106 Kg of NPs for its remediation, in principle11. There are many other
large and small-scale spills, so the production of large masses of NPs is necessary for the
technology to be effective. A scaled-up production method is therefore required and has
been produced in other areas29,

31

. However, for a large-scale oil clean-up, a simple
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technique that can be scaled-up to high volume production of NPs is required. Reported
studies on the application of NPs for oil remediation generally used a laboratory scale
synthesis technique but their production in large scale has not been investigated.

Table 1.1. Synthesis conditions of common iron oxide NPs synthesis techniques.
Temperature

Solvent

(ºC)
Co-precipitation

Sol-gel

80-95

80-400

technique
Sonochemical

Micro-emulsion

Thermal

0-40

90

260- 265

decomposition
Supercritical

196-400

Pressure

Reactants

(MPa)
Aqueous

Synthesis

Reference

time

Room

FeCl2·4H2O

pressure

FeCl3.6H2O

Organic

Room

Fe(NO3)3.9H2O

Solvent

pressure

FeCl3.6H2O

Organic

Room

Fe(C2H3O2)2

Solvent

pressure

Fe(C5H7O2)3

Organic

Room

FeCl2

Solvent

pressure

FeCl3

Organic

Room

Fe(acac)3

Solvent

pressure

Aqueous

23.5-35

fluid (SCF)

40 minutes

11, 28

8-11 hours

30, 32

3-38 hours

33, 34

50 minutes

35

30-130

25, 36

minutes
Fe(NO3)3

Residence

Fe2(SO4)3

time:

FeCl2

second

29, 37

9-72

Fe(NH4)2H(C6H5O7)2
Hydrothermal

120-250

Aqueous

0.3-4

Fe(NO3)3·9H2O

synthesis

10-60 minutes

24, 38-41

FeCl2·4H2O
FeCl3

1.2.3. Maximizing ‘active’ yield. For many nano-based materials, only a small
fraction of the starting material is ultimately incorporated into final products leading to a
low synthesis yields42, 43, and more importantly low ‘active’ yields i.e. that fraction of the
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total which successfully binds or degrades oil. Increasing the active yield of synthesis can
decrease the material cost and decrease waste production, reducing disposal issues. Arita
et al. reported a yield of 7.6% for the synthesis of iron oxide NPs using supercritical
hydrothermal synthesis44. Using an esterification reaction technique, a synthesis yield of
80% is achieved for producing ligand-stabilized iron oxide nanocrystals45. Besides of a
high synthesis yield, a high ‘active’ yield of synthesized particles in terms of binding oil
is also preferable. Both these properties would lead to reduced oil sorption per unit mass
of NP. Further improvement of synthesis conditions, allied to improved clean-up will
improve the ‘active’ yield of NPs.
1.2.4.

Energy requirements of the synthesis technique and toxicity of

reactants. For commercialization purposes, reducing costs, energy use and environment
impacts of the synthesis technique are essential. Previous studies have indicated that
synthesis of NPs involves an energy-intensive synthesis process. For example, synthesis
of carbon-based NPs, TiO2 and single-walled carbon nanotubes (SWNTs) require 0.2825, 0.03 and 2.4 MWh per kg of NPs, respectively46. Some of the synthesis techniques for
producing iron oxide NPs have been successfully scaled-up23, 28. Moreover, removing the
precursor residuals from as-synthesized particles (e.g. residue of organic solvent, iron
ions and coating agents) needs several washing processes (using DI water or organic
solvents) which requires energy and can be expensive24.
1.2.5.

Cost of the synthesis technique. Reducing the cost of scale-up is

another important factor for the commercialization process. Table 1.2 shows examples of
material cost for producing 1 kg of nano-based oil clean-up techniques, on a laboratory
basis; clearly scaled-up production will itself reduce the costs. Besides the cost of
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producing iron oxide NPs, many reported nanotechnological oil separation techniques
require additional fabrication/modifications such as in situ growth, dip coating and block
Table 1.2. Material costs for producing 1 kg of magnetic NPs for oil remediation (costs
were calculated using the chemical costs from the Sigma-Aldrich website). These are
estimate cost based on research values and cost will decrease for large scale production.
Required materials

Material cost ($)

Reference

3.5 kg iron(III) chloride hexahydrate

9500

47

4000

48

2200

25

1000

28

1.3 kg polyethylene glycol
10.4 kg sodium acetate
104 L ethylene glycol
2 kg hexadecyl trimethylammonium bromide
30 L ammonia−water
12 L tetraethyl orthosilicate
2.3 kg iron(III) chloride hexahydrate
0.9 kg iron(II) chloride tetrahydrate
4.5 L ammonium hydroxide
0.5 kg carbon nanotube
2 kg polyvinylpyrrolidone
4.6 kg iron(III) acetylacetonate
6.5 L triethylene glycol
2.8 kg iron(III) chloride hexahydrate
0.5 kg iron(II) chloride tetrahydrate
2 kg polyvinylpyrrolidone
16.2 L ammonium hydroxide

9

copolymer methods which can be labor intensive, increase the synthesis cost and may
produce secondary pollution by the modifiers, especially fluoride9, 18. In addition to the
pollution, extra economic costs may ensue from pollution treatment.
1.2.6

Minimizing the potential for chemical incidents. Precursors and

solvents used in a synthesis process should be chosen to minimize hazards from chemical
accidents or reduce the likelihood of explosions and fires. Dust and powders can lead to
explosion hazards, along with increased inhalation exposure; previous studies show that
dry Fe nanopowders have a minimum ignition energy of less than 1 mJ which are prone
to ignition by collision, friction, and attrition49.

1.3.

ENVIRONMENTAL ASPECTS OF OIL NANOREMEDIATION
1.3.1. Stability of NPs under environmentally relevant conditions. When

deploying NPs for oil clean-up, they may release in the aquatic, benthic or terrestrial
systems in some manner and will likely undergo certain transformations which can
influence their operational performance (e.g. oil sorption capacity) as well as their
availability and persistence11,

50-54

. The pH, ionic strength and composition, natural

organic macromolecules (NOM), temperature, and NP concentration all affect the
transformations of NPs, which can eventually change the exposure concentrations of NPs
to aquatic organisms, increase sediment deposition51 or result in other changes to
exposure and hazard. For example, NOM can increase the stability of NP suspensions,
hence extending their residence times in the water column, increasing their transfer to
aquatic environments in runoff, and increasing the exposure of aquatic biota55.
Transformations often, but not always, reduce toxicity on a unit mass basis56-58, but may
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also alter function and should be minimized when used in-situ. NPs may be released into
the environment as free NPs, which has potential regulatory and safety implications, or
tethered to supports, which limits unintentional release but may affect efficiency by
reducing available surface area. For example, previous studies illustrate the application of
hydrophobic magnetic sponges coated with iron oxide NPs for oil separation from water,
while other studies showed that magnetic NPs can aggregate rapidly under
environmentally relevant conditions which can influence their behavior and stability59.
These kinds of studies highlight the importance of studying the stability and persistence
of NPs under realistic conditions in terms of both benefits and risks.

1.3.2. Toxicity of NPs. Once NPs are released into the environment, they can
become bioavailable and toxic to the biota. Control of NP properties, and therefore
hazard and exposure, can limit the risk. Subsequent biodegradation can occur both to the
NP coating, core or both and affect their persistence, toxicity as well as oil sorption
performance60. Biodegradation of NPs can lead to the release of ions which can be more
toxic compared to NP itself51, although this is less of a problem with Fe, since this is a
nutrient in many cases61. Non-biodegradable coatings (e.g. PVP) showed to improve NP
stability under environmentally relevant conditions53. However, this property can also
increase exposure and risk. Hence, a tradeoff may in some cases be necessary between
efficacy and risk.

During the last 10-15 years, the toxic effects of iron oxide NPs have been widely
studied including acute and chronic toxicity62, 63. Some studies reported low toxicity of
11

iron oxide NPs, while others reported that NP toxicity can be affected by NP
characteristics such as particle size and surface coating8, 26. For example, iron oxide NPs
smaller than 2 nm showed a higher potential to diffuse through cell membranes,
damaging intracellular organelles and exhibiting potentially toxic effects64. Also,
previous studies show that uncoated iron oxide NPs can cause a significant decrease in
cell adhesion whereas PEG-coated NPs did not cause a notable change65. Since toxicity
of iron oxide NPs is not fully understood yet, control of potential exposure to the
environment is recommended, where feasible.

1.3.3. Controlling exposure. Recently, Wang et al. showed that by the current
release level of iron oxide NPs there is only a very limited risk from NPs to organisms in
surface waters66. However, future large-scale deployment of a nanotechnological
remediation in this way may present challenges. Due to the magnetism of iron oxide NPs,
exposure and sediment deposition can be reduced by collecting them from the
environmental phase using a magnetic field. The magnetic separation process likely
increases the operational cost, however reusing NPs may offset costs. If magnetic NPs
have low toxicity and in-situ oil biodegradation capability, they can remain in the
environment and reduce oil exposure in long-term with a potential lower operational cost.
Hence, decisions about whether to remove NPs after remediation or leave them in-situ are
not always simple.
1.3.4. Reusing NPs for remediation. Using a magnetic separation allows
reuse/recycle of NPs which can further reduce the financial and environmental cost. The
common recycling techniques reported in the literature are squeezing, burning and
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washing with organic solvents12,

67

, while at a laboratory scale, oil and NPs can be

separated by sonication or solvent extraction

11, 25

. Squeezing is a simple and convenient

technique for reusing nano-based sponges and nanocomposites and can be carried out on
site, although the recovered adsorbent may have lower oil sorption capacity compared to
its initial capacity67. Also, this technique is not applicable for recycling low elasticity
adsorbents (e.g. graphene and graphene-CNT hybrid foam)68. It was previously reported
that using acetone and heating technique more than 90% of the initial oil absorption
capacity of carbon soot sponge was recovered even after 10 cycles of oil absorption

67

.

However, the heat conversion process requires the sorbents to be sent to an appropriate
site for recycling and then returned to the site for the oil absorption
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. While reuse can

lead to a more cost-effective clean-up technique, the practicality of recovery in real
situations is poorly understood and needs to be further investigated, while the method
would have more limited application in remote areas. Another strategy for oil clean-up is
to utilize a cost-effective and low toxicity NP to ameliorate oil toxicity in the aquatic
systems without post-separation of the NPs which reduces the cost of clean-up (e.g.
separation and recycling) dramatically.

1.3.5. Disposal. Following oil sorption by NPs, depending on the oil clean-up
technique used, NPs may need to be disposed of according to the regulatory
requirements. NPs pose a challenge to the current regulatory framework, such as the
Toxic Substances Control Act (TSCA) and Registration, Evaluation, Authorization, and
Restriction of Chemicals (REACH) in the US and EU, respectively. Also, storing NPs
following clean-up can be challenging. In the U.S., waste volume less than 100 kg can be

13

stored for longer than 90 days and has to meet a subset of the U.S. Resource
Conservation and Recovery Act (RCRA) requirements. Above this threshold, the EPA
must be notified to establish contingency plans and store the waste in certain units
generally for 90 days or less69. In practice, if the NPs are low toxicity and there is
sufficient knowledge of environmental processes to understand fate and behavior, in-situ
treatment and degradation is an attractive option.

1.3.5. Life cycle assessment (LCA). There are number of studies on the risk and
hazard of NPs themselves on the environment, however quantifying the ecological and
human health impacts of nanotechnological oil remediation techniques over their
complete life cycle has not been investigated yet70, 71. The release of chemicals and NPs
in the environment from NP production to their disposal/reuse/release in the environment
suggests that using LCA for analysis of the environmental impacts of the clean-up
techniques is necessary. For example, material and energy usage, treatment efficiency,
NP and oil effects on the environment, waste streams and recycling and economic
impacts need to be quantitatively assessed to ensure the deployment of optimum
remediation strategies.

1.4.

DISSERTATION OVERVIEW
In short, oil spills and petroleum discharges can cause significant damage to the

aquatic ecosystem including both marine and freshwater environments. Limitations of
current oil clean-up techniques have inspired research to investigate the application of
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nanotechnology for oil remediation and nanotechnology-based sorbents have showed
excellent oil removal efficiency. This dissertation reports a nanotechnology-based system
for oil remediation in the environment.
This dissertation is organized as follows: Chapter 2 describes a facile and costeffective co-precipitation synthesis technique for producing PVP-coated iron oxide NPs,
characterization data of synthesized NPs and oil removal efficiency from ultra-pure water
and synthetic seawater. Chapter 3 describes oil removal efficiency of PVP-coated
magnetic NPs under a wide range of environmentally relevant conditions (e.g. synthetic
soft, hard and sea waters) in the presence and absence of NOM. Chapter 4 reports a high
gradient magnetic separation (HGMS) technique which can separate oil from water in a
continuous and larger volume as a function of the operating parameters. Chapter 5
summarizes the findings of this dissertation.
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CHAPTER 2

OIL RECOVERY FROM WATER UNDER ENVIRONMENTALLY
RELEVANT CONDITIONS USING MAGNETIC NANOPARTICLES

______________________________
Mirshahghassemi, S.; Lead, J. R., Oil Recovery from Water under Environmentally
Relevant Conditions Using Magnetic Nanoparticles. Environmental Science &
Technology 2015, 49, (19), 11729-11736.

16

Running title: Oil Recovery from Water under Environmentally Relevant Conditions
Using Magnetic Nanoparticles
Author for correspondence:
*Dr. Jamie Lead, Ph.D. Center for Environmental Nanoscience and Risk (CENR),
Department of Environmental Health Sciences, Arnold School of Public Health,
University of South Carolina, Columbia, South Carolina 29208, United States. Phone:
(803) 777-0091; fax: (803) 777-3391; e-mail: jlead@mailbox.sc.edu.

Abstract: Large oil spills and oily wastewater discharges from ships and industrial
activities can have serious impacts on the environment with potentially major economic
impacts. Current oil remediation techniques are inefficient and may have deleterious
environmental consequences. However, nanotechnology offers a new route to potentially
remediate oil pollution. In this study, a cheap and facile hydrothermal method was
developed to synthesize polyvinylpyrrolidone-coated magnetite nanoparticles to separate
a reference MC252 oil from oil–water mixture under environmentally relevant
conditions. Fluorescence and Proton nuclear magnetic resonance spectroscopy results
showed near 100% oil removal from oil–water mixture in the ultrapure water under
optimum

condition.

Based

on

gas

chromatography–mass

spectrometry

data,

approximately 100% of lower molecular mass alkanes (C9–C21) were removed within 10
min of magnetic separation and by increasing the separation time to 40 min, greater than
67% of C22–25 alkanes were removed. Moreover, nanoparticles removed near 100% oil
from synthetic seawater solutions in the presence and absence of fulvic acid showing
excellent oil removal capacity of the nanoparticles under different conditions. Results
show that these nanoparticles can be utilized to remove oil over a short time with a high
removal efficiency under environmentally relevant conditions.
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2.1. INTRODUCTION
Releasing petroleum and other types of oil through industrial wastes, ships and
accidental oil spills can be catastrophic for marine and aquatic ecosystems. For example,
in the Deepwater Horizon Oil accident in 2010, about 4.9 million barrels of crude oil
were released in the Gulf of Mexico resulting in significant damage to important
habitats.2 In addition, bilge water, a mixture of water, oily fluids, lubricants and other
similar wastes, are produced in large volumes by ships.72 Finally, pipelines are a
significant spill source in inland waters and spills to inland area can affect sensitive
environments and have greater impacts to public health compared to spills in coastal
areas.73 These kinds of oily discharges cause huge economic losses and have adverse
effects on coastal and other ecosystems.74 Oil wastes can change animal feeding behavior
and cause loss of habitat and direct ecotoxicity, while also creating health problems for
local residents.75, 76
Current methods for recovering spilled oil on water include skimming systems, in
situ burning, dispersants, and sorbents. Each of these methods can have limited
effectiveness, depending on the spill conditions. For instance, booms require expensive
and difficult decontamination, have disposal issues and are unable to prevent the sinking
of recovered oil. Skimming systems are most effective with thicker oil and low waves,
and often collect a large amount of water that must be treated prior to disposal.77 In situ
burning on open water requires use booms to thicken the oil and also has specific
limitations in terms of sea and wind conditions. Dispersants have a limited window of
effectiveness and can temporarily increase the amount of oil that is mixed into the water
column, thus its use is restricted in both time and space, particularly where the dispersed
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plume may affect sensitive benthic resources such as corals.78 While most petroleum
hydrocarbons are biodegradable under aerobic conditions, biodegradation rates are slow
under anaerobic conditions and where oil concentrations and other conditions are
suboptimal, so bioremediation may be limited.79 Also, oil–water separator technology is
the common onboard technique to separate oil from ships wastewater discharges.
However, to reach discharge limits, large, onboard space and additional expensive post
treatment are required. Given the limitations of current methods for removing oil from oil
spills and oily discharges, novel solutions are being actively sought and
nanotechnological applications offer a promising avenue of research.3, 80
Nanotechnology is the technological use of nanoparticles (NPs) (materials
between 1 and 100 nm) and is an increasingly important field of technology.51 Iron oxide
NPs are attractive for their inherent low toxicity and magnetism, which allows easy
separation of NPs from fluids.8, 81-83 Recently, NPs have been tested for oil remediation.
For example, superhydrophobic polyester materials with commercial magnetite NPs were
shown to absorb oil with high selectivity.84 A composite magnetic material has been
produced by thermal decomposition and used for oil separation from water, with results
dependent on coatings used.19 Magnetically superhydrophobic bulk materials show good
performance for the selective oil absorption.48, 85 However, many synthesis methods are
multistep and need organic solvents and high temperatures, making scale up difficult and
expensive and potentially increasing toxicity. Finally, NPs are subject to major
transformations in the environment which may compromise effectiveness.54
Previously, we have shown excellent oil removal using NPs produced by a facile
solvothermal synthesis procedure.25 In this study, we report the development of a facile
19

and cheap hydrothermal method (no organic solvents, lower temperature/energy
requirements and ambient atmospheric conditions) to produce polyvinylpyrrolidone
(PVP)-coated magnetite nanoparticles to remove oil from oil–water mixture under
relevant environmental conditions. It was previously shown that PVP-coated NPs are
extremely stable in environmental systems.86, 87

2.2. MATERIALS AND METHODS
Iron oxide NPs were synthesized using a modified hydrothermal method in air
rather than an inert atmosphere as previously performed.88 Ferric chloride and ferrous
chloride, along with PVP, were used as precursors, and ammonium hydroxide was used
as a precipitation agent. First, PVP (Mw 10 kDa, 0.18 mmol, Sigma-Aldrich) was added
to 6.25 mL ultrapure water (Millipore) while the solution was stirred at 80 ± 5 °C. Then,
1 mmol FeCl2.4H2O (98%, Alfa Aesar) and 4 mmol FeCl3.6H2O (>98%, BDH) were
added to the solution and stirred at 80 ± 5 °C. In the next step, 0.12 mmol PVP was
dissolved in the solution. Finally, 6.25 mL ammonium hydroxide (28–30%, BDH) was
added into the solution dropwise at room temperature with vigorous stirring. After the
addition of ammonium hydroxide, the color of the mixture turned from yellow to black
immediately and the black suspension was allowed to mix for 25 min at 90 ± 5 °C. The
precipitates were washed once with deionized water and separated by magnetic
decantation and redispersed in water again via sonication. NP solutions were stored for
oil removal experiment.
AFM images for NPs before and after oil absorption were collected on an Asylum
Cypher AFM operating in noncontact mode in ambient air, which we have previously
shown to give results comparable to measurements in water.89 Noncontact mode silicon
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AFM cantilevers (ACM240TM, Olympus) were used for the characterization. Samples
were carefully prepared according to an adsorption method.90 Briefly, the sample
solutions (∼50 μL) were dropped on a freshly cleaved mica sheet and washed several
times with ultrapure water before full drying. The mica was then allowed to dry in a
covered Petri dish under ambient conditions. For each sample, between 100 and 270
particles were imaged and their heights above the mica surface measured from randomly
selected areas of the mica. Heights are the appropriate size measurement for AFM.91 The
measured heights (particle size) were classified into intervals of 5 nm width for the
pristine NPs and 10 nm for oil-coated NPs. DLS and zeta potential measurement were
performed on a Malvern Nanosizer instrument (pH 6–8). DLS measurements were
repeated three times at 25 °C after 2 min equilibrium time to stabilize sample
temperature92. Also, the average zeta potential and standard deviation were determined
from 10 replicates of 50–100 runs each.
Samples were characterized by FT-IR, PerkinElmer 100. TGA was conducted on
a TA Instruments Q5000 using a heating rate of 10 °C min–1 under constant nitrogen
flow93. XRD was performed on a Rigaku D/max 2100 diffractometer (Cu Kα radiation, λ
= 1.54059 Å). A NIST Al2O3 standard was analyzed to determine the instrumental
broadening. The average crystal size was calculated according to the full width at the
half-maximum height (fwhm) of the (311) plane using Scherrer Eq. (2.1):
𝐾𝜆

𝐿𝑋𝑅𝐷 = 𝛽 cos 𝜃

(2.1)

Where LXRD is the crystal size, K is a shape factor (0.89 for magnetite88), 𝜆 is the
X-ray wavelength (1.54059 Å), β is the fwhm of the diffraction peak corresponding to 2θ
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after subtracting the instrumental broadening and θ is the Bragg’s diffraction angle. By
assuming a spherical shape of NPs and according to Eq. (2.2), particle size can be
calculated.94 NPs were digested by fresh aqua regia and then iron ion concentration was
measured using inductively coupled plasma-optical emission spectrometer (ICP-OES;
Varian 710-ES).
4

𝑑𝑋𝑅𝐷 = 3 𝐿𝑋𝑅𝐷

(2.2)

The oil concentration in our samples was 0.15 ± 0.05 g L–1. This concentration is
based on literature data95 and the assumption that oil is completely dispersed and
uniformly mixed in the top 5 cm of water following an oil spill. Oil was dispersed in pure
water and, to mimic natural conditions, removal experiments were performed in synthetic
seawater in the absence of Suwannee River fulvic acid (SRFA) and with two different
SRFA concentrations (0.25 and 1 ppm), which are the relevant to FA concentrations in
the open ocean.96 The synthetic seawater solutions were prepared following the U.S.
Environmental Protection Agency protocol (EPA-821-R-02-012).97
Oil samples were prepared by mixing crude oil from the Deepwater Horizon spill
(sample ID number: A0068H, Aecom Environment) with ultrapure water in a vial via
sonication (Branson 2800, 40 kHz, ambient conditions) for 30 min.25 Following the
preparation of an oil–water mixture, different amounts of NPs were added to the oil–
water mixtures and mixed for 5 min via sonication to obtain in optimum oil:NPs ratio.
The NP concentration for the oil experiment in the presence and absence of SRFA was in
the range of 4.4–70.2 ppm and 2.2–35.2 ppm, respectively. Then, NPs were separated
with a 1 1/2 in. cubic neodymium magnet (Grade N 52, K&J Magnetics Inc.) for specific
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periods of time. The remaining oil–water solution in each vial was collected for further
measurement.
Oil concentration was measured using a UV–vis spectroscopy (UV–vis), 3D
fluorescence spectroscopy, gas chromatography–mass spectrometry (GC–MS) and Proton
nuclear magnetic resonance spectroscopy (H NMR). UV–vis absorbance was measured
on a Shimadzu UV-2600 UV–vis spectrophotometer and oil concentration was calculated
using a calibration plot which was obtained with known oil concentration samples. This
method lacks selectivity because of the overlap in NPs, oil, and SRFA signals. Further
quantitative determinations were performed by fluorescence spectroscopy, GC-MS and H
NMR spectroscopy.
Emission spectra of oil samples were recorded on a Horiba Jobin Yvon Fluorolog3 spectrofluorometer. Emission spectra of oil samples were recorded by employing an
excitation wavelength of 337 nm and emission range from 350 to 650 nm. This excitation
wavelength has been widely reported in the literature to detect PAHs of crude oil.98 Oil
concentrations were calculated using a calibration plot based on known oil concentration
samples from the fluorescence spectroscopy. Based on the calibration curve and the
integration of the fluorescence spectrum for oil samples before and after magnetic
separation, the oil sorption efficiency was quantified.
GC-MS analysis was also performed to quantify the removal efficiency for
individual alkanes. Methyl tertiary butyl ether (MTBE) was used to extract oil from the
water and NPs. GC-MS analysis was performed on an Agilent 6890N gas
chromatography system and an Agilent 5975 mass spectrometer equipped with an
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autosampler (Agilent 7683B). The analytical column was an Agilent TG-5MS (length 30
m, 0.25mm I.D. and 0.25 µm film thickness) coated with 5% phenylmethylsiloxane
stationary phase. High-purity helium (99.9%) at a constant flow rate of 1.5 mL min-1 was
used as the carrier gas. The injection port was maintained at 250 °C in the splitless mode
and 1µl of extracted sample was injected. Spectra were obtained in the electron impact
mode (70 eV) scanning from 40 to 400 m/z. The oven temperature was operated from 40
to 300 °C rising at 10 °C/min. A full scan mode was used and saturated hydrocarbons
were monitored in the oil samples before and after the NPs based separation. The
detected hydrocarbons were approximately 8% of total components in the reference oil
sample, although saturated carbon of sample was 56% of total components. The total
aliphatic compounds extraction capacity of NP was measured using H NMR
spectroscopy. H NMR spectra were recorded by a Bruker Avance III-HD spectrometer at
400 MHz using deuterium oxide (D2O) as an internal standard99.

2.3. RESULT AND DISCUSSION
NP Synthesis and Characterization. We have previously synthesized PVPcoated iron oxide NPs by using a solvothermal technique.25 However, here we report a
facile and low cost hydrothermal technique to produce NPs, which required low
temperatures and ambient pressures and gaseous composition (no inert gases were used).
The method is therefore less material- and energy-intensive than current methods and is
unlikely to result in direct toxicity and our current unpublished data (not shown) shows
that toxicity is low.
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Figure 2.1 shows an example of AFM scans (10 × 10 μm) of PVP-stabilized NPs, size
distribution of NPs using AFM and DLS. Based on the analysis of scanned images, the
median particle size was 11.2 nm (interquartile range: 6.3–18.3 nm) (Figure 2.1b). The
hydrodynamic diameter measured by DLS was 127.4 ± 4.2 nm with an average
polydispersity index (Pdi) of 0.30 (Figure 2.1c). Both AFM and DLS data suggested that
NPs are well-dispersed and sufficiently monodispersed for our purposes. The average
zeta potential from 10 repeated measurement was 11.2 ± 0.6 mV confirming the absence
of significant charge on the nanoparticles and indicating steric stabilization by the PVP as
expected.86, 87
Figure 2.2a shows FTIR spectra of the PVP and PVP-coated iron oxide NPs. For
PVP, the absorbent peaks at 1425, 2952, and 2887 cm–1 belong to scissoring bending,
asymmetric and symmetric stretching vibrations of CH2, respectively100, 101 For the NP
spectrum, peaks at 1291 and 1656 cm–1 can be attributed to the stretching vibration of
C−N and C═O, respectively. The broad peak at 3371 cm–1 is likely due to the stretching
vibration of O–H group on the surface of the NPs.100 Comparison between PVP and PVPcoated NPs spectra show that peaks at 735, 1285, 1422, and 2952 cm–1 for PVP
suppressed in the PVP-coated NP spectrum. These results suggest that PVP is coated on
NPs through the PVP carbonyl group as found elsewhere.102
The XRD spectrum of the synthesized nanoparticles is shown in Figure 2.2b
which shows that magnetite (Fe3O4) is the dominant phase of NPs (JCPDS No. 01-0750449), although the presence of some maghemite cannot be discounted. By using eq 2.1
and 2.2, the average crystal size of 13.9 nm and particle size of 18.5 nm were calculated.
Figure 2.2c is the thermogravimetric analysis of the PVP-coated iron oxide NPs. In the
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TGA curve, the small weight loss below 120 °C (2.6%) is due to evaporation of
physically absorbed water. About 8.5% weight loss was observed between 250 and 650
°C and is attributed to decomposition of PVP. This is in agreement with other studies,
which show that PVP decomposition starts at 330 °C, whereas PVP-coatings on NPs start
to decompose at lower temperature and have a slower decomposition rate.103, 104 By using
this proposed hydrothermal technique instead of our previous solvothermal technique,
sufficiently monodispersed NPs with median size of 11 nm and coated with PVP were
synthesized. Subsequently, NP capacity to remove oil from oil–water mixtures was
examined.
AFM and DLS Characterization for Oil-coated NPs. Oil-coated NPs were
further measured using AFM and DLS.25 Qualitatively, Figure 2.3a shows the
morphology of the NPs after oil separation which is completely different from the
pristine NPs (Figure 2.1a). Also, Figure 2.3c shows the size distribution histogram based
on AFM for oil-coated NPs. The median size of oil-coated NPs was 16.1 nm
(interquartile range: 11.3–48.3 nm) which shows higher median size and dispersity
compared to the pristine NPs (Figure 2.1c).
DLS plot for NPs before oil separation experiment had one single peak and the zaverage was 127.4 ± 4.2 nm, while after oil experiment z-average increases to 206.1 ± 9.2
nm (Figure 2.3d). Increases in the size of NPs indicate that oil is absorbed by the
functionalized surface of NPs and shows the presence of a second layer on the surface of
NPs.
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Oil Removal from High Purity Water. To maximize oil removal while using
minimum mass of NPs, experiments with different NP concentrations were performed.
Figure 2.4a shows the fluorescence spectra for the oil experiment in ultrapure water with
different NP concentration after 40 min of separation. Based on these results, by
increasing the NP concentration from 2.2 to 17.6 ppm, the oil removal percentage
increased from 65.2% to near 100%. Also, by increasing NP concentration, fluorescence
intensity decreased indicating greater removal of aromatic hydrocarbons. However, when
NP concentration was further increased to 35.2 ppm, the percentage of oil removal
decreased slightly (88.7%). This finding is in agreement with UV–vis data which shows
slightly reduced oil removal using 35.2 ppm of NP concentration (Table 2.1). The lower
removal percentage at the highest NP concentration is likely due to increased NP
aggregation at this concentration, reducing surface area and absorption capacity of the
NPs.
To investigate the effect of separation time on the oil extraction capacity of NP,
individual oil experiments using an optimized NP concentration (17.6 ppm) and varying
separation times were performed. Fluorescence results show that by increasing the
separation time from 10 to 40 min, oil removal increased from 68% to 100% (Figure
2.4b). Although the use of UV–vis was not ideal because of a lack of selectivity due to
overlaps in peak absorbance with a number of different components, UV–vis absorbance
agrees with data from fluorescence analysis (Table 2.2).
To measure extraction capacity of the iron oxide NPs for total aliphatic
compounds, H NMR spectroscopy was performed under previously optimized conditions.
NMR spectra for the oil–water mixture before and after magnetic separation suggest
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complete removal of aliphatic compounds after 40 min (Figure 2.7). The initial aliphatic
compounds concentration was 0.55 mM and the final concentration was below the
detection limit (0.04 μM). Figure 2.5 shows GC-MS similar results over different
separation times. Chromatogram peaks for all oil remaining samples decreased
significantly compared to the initial oil–water mixture showing excellent and rapid
alkanes removal of NP (Figure 2.5a). Results indicate approximately 100% of lower
chain alkanes (C9–C21) were removed after 10 min of magnetic separation (Figure 2.5b).
For longer chain alkanes, after 40 min of magnetic separation greater than 67% of C22–
C25 were removed (Figure 2.5b). The detected hydrocarbons are 73% of total saturated
hydrocarbons in the oil sample.105 These results show high oil removal efficiency of NPs
from oil–water mixture in the ultrapure water.
Oil Separation Experiment (Seawater in the Presence and Absence of SRFA).
Further experiments in synthetic seawater (no SRFA) showed 17.6 ppm of NPs
concentration was the optimal concentration. To quantify the oil removal, the
fluorescence spectrum at excitation wavelength of 337 nm was recorded which indicated
essentially 100% oil removal (Figure 2.6b). UV–vis data also shows similarly excellent
oil removal efficiency of the NPs for the experiment in the absence of SRFA (Table 2.4).
NMR results show essentially 100% removal of aliphatic compounds after 1 h of
magnetic separation (Figure 2.7). Each NP sorbed approximately 8 times its own mass of
oil. Based on GC-MS results, chromatogram peaks were significantly reduced after 1 h of
magnetic separation compared to the initial oil–water mixture (Figure 2.8a). The removal
percentages for most alkanes were 100%, however for longer chain alkanes (C21–C26)
were greater than 45% (Figure 2.8b).
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In the presence of SRFA, a higher NP concentration (35.2 ppm) was needed to
achieve maximal removal (Figure 2.6a). Reduction in NP aggregation and NP
disaggregation has been observed in the presence of humic substances suggesting more
limited aggregation under these conditions.106,

107

The more limited aggregation

presumably explains why a higher concentration could be used effectively. However, the
SRFA likely acts as a competitive phase for either PVP or the oil meaning that an
increased NP concentration is required to remove the same mass of oil.108, 109 Therefore,
the SRFA necessitates higher concentrations but fortuitously allows these conditions to
be used effectively. Fluorescence spectra at the excitation wavelength of 337 nm show
near 100% oil removal for the experiment using 0.25 and 1 ppm of SRFA under optimum
condition (Figure 2.6b). The oil removal percentage based on the integration of UV–vis
absorbance is also in agreement with the fluorescence result (Table 2.4). However, the
results based on the height of absorbance peak show a lower removal percentage which is
due to overlap of the SRFA, oil and NP signal. In the presence of 0.25 and 1 ppm of
SRFA, 100% and 78.2% of aliphatic compounds were removed, respectively (Figure
2.7). For a given mass, when the SRFA concentration was 0.25 ppm, each NP sorbed
approximately 4 times its own mass of oil. The chromatogram peaks were significantly
decreased after 1 h of magnetic separation compared to the initial oil–water mixture
(Figure 2.8a). The removal percentages for most alkanes were 100%, however for some
alkanes especially longer chain alkanes the removal percentage was lower at the highest
SRFA concentration (Figure 2.8b). Our similar studies in soft water and hard water show
similar oil removal efficiency (data not shown). In addition, the NP concentration
remaining after magnetic separation was measured using ICP-OES. For all oil
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experiments (even in the presence of SRFA), the Fe concentrations were below 200 ppb
showing excellent NP recovery in a short period of time.
These NPs show excellent removal efficiencies under laboratory conditions. As
an example of scale-up issues, the BP Deepwater Horizon Oil accident can be used.
Conventional techniques (booms, skimmers, dispersants, and burning) accident removed
approximately 16% of spilled oil.2 In order to remove equivalent amounts of oil, this new
nanotechnology requires about 3.5 × 106 kg of NPs, assuming that each NP can sorb 30
times its own mass or volume of oil. A factor of 30 was conservatively chosen based on
data here and elsewhere.25 The number is likely lower than this as we have shown that
NPs can be regenerated for use at least once, although commercial application is not
shown. The primary current limitation of using this method for such large scale use is the
ability to rapidly synthesize appropriate quantities of NPs, although the NPs appear stable
so stock piling is possible. For smaller scale oil discharges, the proposed method can
potentially be used immediately for separating oil from water, although larger uses
require an ability to produce large amounts. Satisfactory deployment methods for the
environment also need to be developed.
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Table 2.1. Effect of NP concentration on oil removal efficiency, Based on UV-Vis. (Oil
experiment in ultra-pure water, separation time = 40 minutes)
NP concentration Oil concentration

Oil removal based on

Oil removal based

(ppm)

(g L-1)

peak height (%)

on integration (%)

2.2

0.20

1.4

23.8

4.4

0.16

24.1

18.4

8.8

0.08

61.2

80.8

17.6

0.03

86.2

99.3

35.2

0.05

76.6

98.0
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Table 2.2. Effect of separation time on oil removal efficiency, Based on UV-Vis. (Oil
experiment in ultra-pure water, NP concentration = 17.6 ppm)
Separation

Oil concentration

Oil removal based

Oil removal based on

time (Minutes)

(g L-1)

on peak height (%)

integration (%)

5

0.05

60.6

46.0

10

0.03

65.8

79.8

15

0.02

75.7

97.1

20

0.02

76.3

95.4

25

0.01

79.5

100.0

30

0.01

78.7

100.0

40

0.01

80.1

100.0
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Table 2.3. Effect of NP concentration on oil removal efficiency, Based on UV-Vis. (Oil
experiment in sea water in the presence of SRFA, SRFA concentration = 1ppm,
separation time = 1 h)
NP concentration Oil concentration
Oil removal based on Oil removal based
(ppm)

(g L-1)

peak height (%)

on integration (%)

4.4

0.05

58.9

90.3

8.8

0.06

64.0

87.3

17.6

0.05

56.4

99.6

35.2

0.04

65.3

99.4

70.4

0.05

59.5

99.3
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Table 2.4. Effect of SRFA on oil removal efficiency, Based on UV-Vis. (Oil experiment
in sea water, separation time = 1 h)
SRFA concentration Oil concentration Oil removal based on
Oil removal based
(ppm)

(g L-1)

peak height (%)

on integration (%)

0

0.03

75.5

100.0

0.25

0.04

74.00

99.9

1

0.04

65.3

99.4

34

Figure 2.1. Size characterization of NPs (a) topographical AFM image of PVP-stabilized
NPs, (b) size distribution histogram from AFM (number of size measurement = 270,
(Interval of 5 nm)), and (c) DLS size distribution plot.
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Figure 2.2. (a) FTIR spectra of PVP and PVP-coated NPs, (b) XRD pattern for the iron
oxide NPs, and (c) TGA curve for the PVP-coated NPs
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Figure 2.3. Size characterization of oil-coated NPs (a) topographical AFM image, (b)
amplitude image, (c) AFM based size histogram (Intervals of 10 nm), and (d) DLS size
distribution plot.
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Figure 2.4. Fluorescence spectra for the solutions remaining after oil removal (oil
experiment in ultrapure water), effect of (a) NP concentration (magnetic separation time
= 40 min), and (b) separation time (NP concentration = 17.6 ppm).
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Figure 2.5. GC-MS results (oil experiment in ultrapure water) (a) chromatograms and (b)
mass spectrometry results for the solutions remaining after oil removal after 10, 15, 25,
and 40 min of magnetic separation).
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Figure 2.6. Fluorescence spectra for the solutions remaining after oil removal (oil
experiment in seawater, separation time = 1 h), effect of (a) NP concentration (SRFA
concentration = 1 ppm) and (b) SRFA concentration.
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Figure 2.7. NMR spectra for the oil–water mixture before and after NP-based separation
under the optimum conditions. (a) oil–water mixture, solution remaining after oil removal
for the oil experiment in (b) ultrapure water, (c) seawater without SRFA, (d) seawater
with 0.25 ppm of SRFA, and (e) seawater with 1 ppm of SRFA.
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Figure 2.8. GC-MS results (oil experiment in seawater in the presence and absence of
SRFA) (a) chromatograms and (b) mass spectrometry results for the solutions remaining
after oil removal (SRFA concentration = 0.25 and 1 ppm, separation time = 1 h).
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CHAPTER 3

EVAULATION OF POLYMER-COATED MAGNETIC
NANOPARTICLES FOR OIL SEPARATION UNDER
ENVIRONMENTALLY RELEVANT CONDITIONS: EFFECT OF IONIC
STRENGTH AND NATURAL ORGANIC MACROMOLECULES

______________________________
Mirshahghassemi, S.; Cai, B.; Lead, J. R., Evaluation of polymer-coated magnetic
nanoparticles for oil separation under environmentally relevant conditions: effect of ionic
strength and natural organic macromolecules. Environmental Science: Nano 2016, 3, (4),
780-787.
Reproduced by permission of The Royal Society of Chemistry.
http://pubs.rsc.org/-/content/articlehtml/2016/en/c5en00282f
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Abstract: Oil spills in marine and non-marine environments can have dramatic effects on
the environment. Previously, we reported near 100% removal of a reference MC252 oil
using polyvinylpyrrolidone (PVP)-coated magnetic nanoparticles (NPs) from an oil–
water mixture in ultra-pure water and synthetic sea water with a low concentration of
Suwannee River fulvic acid (SRFA). In this study, the same type of NPs was used to
remove oil from oil–water mixtures (oil concentration used was 0.15 ± 0.05 g L−1) in
synthetic freshwaters and sea water in the presence and absence of low (1 ppm) and high
(10 ppm) concentrations of SRFA or alginic acid. For the optimum NP concentration
(17.6 ppm) and separation time (1 h), the data showed essentially 100% oil removal from
synthetic freshwaters and sea water in the absence of natural organic macromolecules
(NOM). Nearly 100% of C9–C20 alkanes were removed as measured by gas
chromatography–mass spectrometry (GC-MS), although removal of the longer chain
alkanes was slightly lower. The presence of NOM led to a statistically significant
decrease in oil removal with NOM acting as a competitive phase for either PVP or oil and
reducing NP–oil interactions driven by the hydrophobic effect of PVP coating. Ionic
strength facilitated oil sorption presumably by enhancing the magnetic separation of the
oil–NP complex or altering PVP hydrophobicity. Alteration of the separation conditions
allowed optimal oil removal, with essentially 100% oil removal under most but not all
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conditions. Results show that the use of these NPs is a cheap, facile and reliable
technique for removing oil under a wide range of environmentally relevant conditions.

3.1. INTRODUCTION
Oil can be released into the aquatic environment from different sources such as
natural seeps or during extraction, transportation and consumption of petroleum. The
estimated amount of released oil in the environment from production to consumption of
oil is approximately 670,000 tons per year worldwide.110 In 2010, there were two wellknown oil spills (Deepwater Horizon and Enbridge oil spill) in the United States. In the
Deepwater Horizon oil spill (April 2010), 4.9 million barrels of oil were released in the
Gulf of Mexico and had a catastrophic impact on marine species, terrestrial wildlife and
nearshore habitats.2,

111

Three months later, in an inland oil spill incident, a pipeline

ruptured in Michigan, releasing approximately 20,000 barrels of crude oil into the
Talmadge Creek and then to the Kalamazoo River.112 While the marine spills are highly
publicized, freshwater oil spills are more common and have a greater potential to
contaminate water supplies and impact population centers; clearly, oil remediation is
required not only from the marine environment but also from freshwater resources.113
Skimming, in situ burning, and use of dispersants and sorbents are current cleanup techniques for removing spilled oil in water systems.114 Mechanical techniques have a
low removal efficiency and are only effective on thick oil slicks,115 while in situ burning
is only effective on a thick surface layer of oil and may cause public health and air
pollution issues.116 Dispersants remove oil from the water surface and re-disperse them in
the water column; however, the dispersed oil–dispersant mixture can adversely impact
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plankton or other water column organisms such as coral reefs.117 In the case of oil spills
in freshwaters, major commercially available dispersants (e.g. Corexit 9500 and 9527)
have a low efficacy and have been formulated for use in marine systems.117 Dispersant
application in freshwater systems is unlikely because they can increase the hydrocarbon
concentration in the drinking water resources.117 Consequently, using dispersants not only
has environmental concerns but also can have human health concerns.
Recently, nanotechnology has attracted considerable interest in the field of oil
remediation and many researchers have reported producing hydrophobic materials for oil
removal from aqueous solutions.19,

118-122

For instance, Yuan et al.123 used a vapour

deposition technique to produce a superhydrophobic nanowire membrane which can
absorb up to 20 times its own mass of oil. Lei et al.124 produced a porous boron nitride
nanosheet with an oil absorption capacity up to 33 times its own weight which can be
easily cleaned for reuse by burning or heating in air. Despite the excellent performance of
these types of materials, they are often expensive, use and produce toxic materials and are
most effective on surface oil slicks due to their hydrophobicity. To overcome these
limitations, Pavia-Sanders et al.125 synthesized magnetic shell cross-linked knedel-like
(MSCK) nanoparticles (NPs); the amphiphilic nature of the MSCK system allows its
application for the removal of submerged oil. Similarly, Palchoudhury et al.25 produced
water-soluble polyvinylpyrrolidone (PVP)-coated iron oxide NPs capable of sorbing over
150 times their own volume of oil. Despite their excellent oil absorption capacity, their
performance under realistic conditions is unclear. For example, the interaction of NPs and
naturally occurring organic macromolecules, including both humic and non-humic
substances, can reduce the oil absorption capacity of NPs by forming a coating on the
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surface of NPs and/or replacing their existing surface coating.50,

126-128

Moreover, the

presence of monovalent and divalent cations can enhance NP aggregation and reduce the
efficiency of the NPs by reducing their specific surface area.129
Previously, we developed a cheap and facile synthesis technique to produce PVPcoated iron oxide NPs which showed approximately 100% oil removal from ultra-pure
water and synthetic sea water in the presence of low concentrations of fulvic acid.130 In
the current study, the oil removal capability of these NPs was tested in different
environmentally relevant and more challenging conditions, including a wide range of
natural organic macromolecule (NOM) concentrations and ionic strengths.

3.2. METHODOLOGY
The hydrothermal synthesis method used to produce PVP-coated iron oxide NPs
as well as the NP characterization have been published previously and a short summary
of NP characterization is given below.130 PVP-coated magnetic NPs were synthesized
using a facile and low cost hydrothermal technique which requires low temperatures and
ambient pressure and does not use any inert gases. Figure 3.1 shows an example of
atomic force microscopy (AFM) scans (10 × 10 μm) of PVP-coated magnetic NPs. Based
on AFM results, the median particle size is 11.2 nm (interquartile range: 6.3–18.3 nm).
The hydrodynamic size is 127.4 ± 4.2 nm as measured by dynamic light scattering
(DLS). The Fourier transform infrared (FTIR) spectrometry result suggests that NPs are
coated by PVP through the PVP carbonyl group. According to X-ray diffraction (XRD)
patterns, the dominant phase of NPs is magnetite (Fe3O4), although the presence of
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maghemite cannot be discounted. Moreover, 8.5% of the mass of NPs belong to their
PVP coating and 89% to the iron oxide NPs as obtained from thermogravimetric analysis
(TGA).
Oil concentration was measured by fluorescence spectroscopy and gas
chromatography–mass spectrometry (GC-MS). Emission spectra of oil samples were
recorded over the range of 350 to 650 nm at the excitation wavelength of 337 nm on a
Horiba Jobin Yvon Fluorolog-3 spectrofluorometer. This excitation wavelength has been
widely used in the literature for detecting polycyclic aromatic hydrocarbons of crude
oil.98,

131

A calibration curve was obtained based on known oil concentration samples

using fluorescence spectroscopy. Using this calibration curve and the integration of the
fluorescence spectrum for oil samples before and after magnetic separation, oil removal
was quantified. GC-MS analysis was performed on an Agilent 6890N gas
chromatography system and an Agilent 5975 mass spectrometer to quantify the removal
efficiency for individual alkanes. To measure the NP removal efficiency, NPs in the
suspension before and after magnetic separation were digested using aqua regia and the
total iron concentration was measured using an inductively coupled plasma-optical
emission spectrometer (ICP-OES; Varian 710-ES).
Crude oil from the Deepwater Horizon spill (sample ID number: A0068H, Aecom
Environment) was mixed well with ultra-pure water (Millipore) in a vial via sonication
(Branson 2800, 40 kHz, ambient conditions) for 30 min to prepare the oil samples for the
oil removal experiment.25 The oil concentration used was 0.15 ± 0.05 g L-1 which is
based on literature data95 and similar to our previous works.25, 130 To study the effect of
ionic strength on the oil sorption capacity of NPs, experiments were performed in
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synthetic soft, hard and sea waters in the absence of NOM. The effect of NOM on the oil
removal

efficiency

was

investigated

by

performing

experiments

with

two

environmentally relevant NOM types of Suwannee River fulvic acid (SRFA,
International Humic Substances Society) and alginic acid (AA, Alfa Aesar) separately in
synthetic waters. The synthetic waters were prepared following the U.S. Environmental
Protection Agency protocol (EPA-821-R-02-012).97 In a typical oil removal experiment,
accurately known masses of NPs were added to the oil–water mixtures and mixed for 5
minutes via sonication prior to magnetic separation. NPs were then magnetically
separated using a 1 1/2 inch cubic neodymium magnet (Grade N 52, K&J Magnetics Inc.)
for specific periods of time. The remaining oil–water solution in each vial was collected
for further measurement. NP concentrations in the range 17.6–52.8 ppm were tested, with
higher concentrations used for the more challenging conditions.
The correlations between the monovalent and divalent cations, NOMs and oil
removal efficiency were analyzed by calculating Pearson correlation coefficients
obtained by a code in R Project software (version 3.2.1). For the statistical analysis, GCMS data using an initial NP concentration of 17.6 ppm and 1 h separation time as well as
GC-MS results from our previous work130 were analyzed.

3.3. RESULT AND DISCUSSION
Oil removal in synthetic environmental waters without NOM. Previously, we
have reported that PVP-coated magnetic NPs can remove nearly 100% of oil from
synthetic sea waters in the presence and absence of low concentrations of SRFA.130
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However, oil spills occur in different aquatic systems with different properties. The oil
removal potential in soft, hard and sea waters in the absence of NOMs was examined
using the optimum conditions established by our previous work

130

(initial NP

concentration = 17.6 ppm and magnetic separation time = 1 h). A large and significant
reduction in fluorescence spectra for all solutions after NP treatment compared to that of
the original oil–water mixture was observed, clearly showing the removal of aromatic
compounds (Fig. 3.2a). Based on these results, the percentage of oil removal was 95.7%,
99.7% and 99.3% in soft, hard and sea waters without NOMs, respectively, suggesting
excellent oil removal efficiency in a short reaction time. Based on our calculations, each
NP sorbed 8.5 times its own mass of oil. Previously, we have shown that PVP-coated
magnetic NPs can sorb up to 180 times their own volume of oil.25 In addition,
chromatography peaks for all final solutions after NP treatment are significantly reduced
compared to that of the original oil–water mixture showing the removal of alkanes
(Figure 3.3a). Essentially 100% of the lower molecular mass alkanes (C9–C20) were
removed from different solutions (soft, hard and sea waters) (Fig. 3.3b). For longer chain
alkanes, NPs showed higher removal efficiency from sea water compared to fresh waters,
indicating improved removal efficiency at high ionic strengths (Fig. 3.3b).
Oil removal experiments in synthetic environmental waters with NOM. To
further challenge the NPs and to mimic natural fresh and sea waters, oil removal in soft,
hard and sea waters in the presence of 1 and 10 ppm SRFA and AA was performed. The
initial NP concentration in this set of experiments was 17.6 ppm and separation time was
1 h. Based on the fluorescence results, for the oil removal experiment in the presence of 1
ppm SRFA the percentage of oil removal was 54.7%, 93.6% and 98.7% in soft, hard and
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sea waters, respectively (Fig. 3.2b), again showing that there is a positive effect of ionic
strength on oil removal and suggesting that NOMs reduce the efficacy of the oil
remediation. In the presence of 1 ppm SRFA, the GC-MS results showed 100% removal
of lower molecular mass alkanes (C9–C16) and lower removal efficiency for longer chain
alkanes (Fig. 3.4a). At 1 ppm AA, the oil removal percentage was 39.3%, 87.1% and
99.3% in soft, hard and sea waters, respectively (Fig. 3.4d). Moreover, in the presence of
1 ppm AA, 100% of C9–C19 were removed in hard and sea waters while these removal
percentages in soft water were 40–70% (Fig. 3.4c). No significant difference between the
effects of SRFA and AA on the oil removal capability of NPs was observed.
To obtain the optimum separation conditions for oil removal in the presence of
NOMs, a higher NP concentration (35.2 ppm) and longer separation time (18 h) were
used. Fluorescence and GC-MS results showed a significant increase in oil removal
efficiency from all the solutions (Fig. 3.5 and 3.6). For example, in the presence of 1 ppm
SRFA and 1 and 10 ppm AA, GC-MS results showed 100% removal of most lower chain
alkanes (C9–C21) from the oil–water mixture in hard waters and marine waters (Fig.
3.6).
For the highest NOM concentration used (10 ppm), which is typical of highorganic freshwater systems, oil removal was less than 100% under these conditions. As a
result, NP concentrations of up to 52.8 ppm and separation time of 18 h were used. Using
a higher NP concentration (52.8 ppm), the removal percentages of C9–C21 were greater
than 70% in both soft and hard waters and were 100% for the experiment in sea water
(Fig. 3.8a). Better removal is expected using higher NP concentrations and longer times.
For longer chain alkanes (C22–C26), the removal percentages were greater than 30%,
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35% and 70% in soft, hard and sea waters, respectively (Fig. 3.8a). In the presence of 10
ppm AA, the oil removal percentage was 83.4%, 92.1% and 95.8% in soft, hard and sea
waters, respectively (Fig. 3.7b). At 10 ppm AA, 100% of C9–C21 were removed from all
three solutions (Fig. 3.8b). The removal percentages of C22–C26 were greater than 25%,
50% and 50% in soft, hard and sea waters, respectively (Fig. 3.8b).
To study the correlations between NOMs, monovalent and divalent cations and oil
removal efficiency, a Pearson correlation test was performed on the hydrocarbon removal
data (Table 3.1). The correlation coefficients between the alkane removal efficiency and
those of monovalent and divalent cations were positive and statistically significant (pvalue < 0.05). This positive correlation can be seen by comparing the fluorescence and
GC-MS results for the oil removal experiment in the presence of NOM in Fig. 3.2 and
3.4. Results also show a statistically significant negative correlation between NOMs
(both SRFA and AA) and oil removal (p-value < 0.05). Nevertheless, our results showed
that this negative effect can be compensated for by altering the experimental remediation
conditions.
Finally, the removal efficiency of the iron oxide NPs themselves (rather than the
oil) was also measured under different conditions by measurement of total iron after a
magnetic separation. Greater than 96% removal of the NPs from all synthetic waters
without NOMs was observed, and increased NOM concentration (both SRFA and AA)
led to a decrease in the NP removal (Table 3.2). For example, the oil removal in hard
water decreased from 99.1% to 65.2% when the SRFA concentration increased from 0 to
10 ppm. However, the lower removal efficiency was offset by increased magnetic
separation time and NP concentration (Table 3.3). In sea water solutions, greater than
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95% removal of the iron oxide NPs was observed under all conditions (Table 3.2). Using
higher NP concentrations and longer magnetic separation times, nearly 100% removal
was observed in most of the conditions.
The mechanism of oil removal and the effect of ionic strength and NOMs on the
oil removal efficiency can be explained as follows. Oil sorption is likely driven by the
hydrophobic effect, with hydrophobic moieties of the NP coating allowing preferential
sorption of hydrocarbons from the oil–water mixture onto the NPs and from the aqueous
phase.132 These nonpolar interactions between the hydrophobic fractions of the PVP and
hydrocarbons cause the oil sorption. By increasing the ionic strength of the solution,
higher oil and NP separation efficiencies were observed. Increasing the ionic strength can
potentially explain this phenomenon in two ways: (1) increased agglomeration, possibly
through reduced electrostatic (electrosteric in this case) repulsion forces and/or
enhancement of bridging flocculation.129 As the magnetic NPs are single-domain and the
magnetic force upon a magnetic particle is linearly proportional to volume, magnetic
separation would be more effective on the agglomerated NPs, resulting in higher NP, and
therefore oil, removal efficiency.133 (2) Increased oil sorption by altering PVP
hydrophobicity. In addition, the added NOMs reduce oil removal from the aqueous
phase. NOMs likely act as a competitive phase for either PVP or the oil.108,

109

If the

NOM binds to PVP it will competitively block the potential for oil sorption. However, if
the NOM binds to the oil, it increases the solubility of the oil, decreasing the hydrophobic
driver. Previous work has shown that NOM interactions with PVP are minimal,87 so
increased solubility of oil from the formation of oil–NOM complexes is likely. However,
we have little direct evidence for these mechanisms and further studies need to be
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performed. The reduction in effectiveness of the separation in the presence of NOMs can
be corrected by alteration of the experimental conditions (NP:oil ratio and separation
time).

3.4. CONCLUSION
In summary, our results showed that the use of PVP-coated magnetic NPs is a
cheap, facile and reliable technique for removing oil under various environmentally
relevant conditions in the presence of a wide range of NOM concentrations. Under
optimized conditions, the results showed complete or near-complete oil removal. This
study shows that the application of nanomaterials for oil remediation depends on the
aqueous properties such as NOM and ionic strengths and optimization according to those
conditions is required. Statistical analysis indicated that NOMs decrease oil removal
effectiveness, while major cations improve removal.
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Table 3.1. Correlation coefficients of NOM and cations with oil removal, all based on
GC-MS results.
Correlation coefficient P-value
SRFA

-0.472

<0.001

AA

-0.141

0.018

Monovalent cations (Na and K)

0.165

<0.001

Divalent cations (Mg and Ca)

0.214

<0.001
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Table 3.2. NP magnetic separation efficiency (initial NP concentration = 17.6 ppm and
separation time = 1 h). *The lower removal at 10 ppm NOM in soft water was improved
by increasing the separation time and the concentration of NPs.
Solution
Oil removal experiment in the
Oil removal experiment in the
condition

presence of SRFA

presence of AA

SRFA concentration

NP removal

AA

NP

(ppm)

efficiency (%)

concentration

removal

(ppm)

efficiency
(%)

Soft water

Hard water

Sea water

0

96.6

1

93.5

1

92.0

10

43.6*

10

45.5*

0

99.1

1

98.7

1

97.9

10

65.2

10

96.8

0

99.8

1

99.4

1

98.3

10

98.0

10

95.8
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Table 3.3. NP removal efficiency. (Initial NP concentration = 35.2 ppm, separation time
= 18 h).
Solution
Oil removal experiment in the
Oil removal experiment in the
condition

presence of SRFA

presence of AA

SRFA concentration

NP removal

AA concentration

NP removal

(ppm)

efficiency (%)

(ppm)

efficiency
(%)

Soft water

Hard water

Sea water

1

99.4

1

99.1

10

83.3

10

78.3

1

99.4

1

99.9

10

88.9

10

87.1

1

99.5

1

99.2

10

99.9

10

99.9
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Figure 3.1. Topographical AFM image of PVP-coated iron oxide NPs.
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Figure 3.2. Fluorescence spectra before and after oil removal. Oil removal in the (a)
absence of NOM and the presence of (b) 1 ppm SRFA, (c) 10 ppm SRFA, (d) 1 ppm AA
and (e) 10 ppm AA (solution conditions: soft, hard and sea waters, NP concentration =
17.6 ppm and separation time = 1 h).
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Figure 3.3. GC-MS results for oil removal in the absence of NOMs: (a) chromatograms
and (b) results shown as removal percentages (solution conditions: soft, hard and sea
waters, NP concentration = 17.6 ppm and separation time = 1 h).
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Figure 3.4. GC-MS removal percentages for oil removal in the presence of (a) 1 ppm
SRFA, (b) 10 ppm SRFA, (c) 1 ppm AA and (d) 10 ppm AA (solution conditions: soft,
hard and sea waters, NP concentration = 17.6 ppm and separation time = 1 h).
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a

b

c

d

Figure 3.5. Fluorescence spectra before and after oil removal. Oil removal in the
presence of (a) 1 ppm SRFA, (b) 10 ppm SRFA, (c) 1 ppm AA and (d) 10 ppm AA
(Solution conditions: soft, hard and sea waters, NP concentration = 35.2 ppm and
separation time = 18 h).
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a

b

c

d

Figure 3.6. GC-MS removal percentages for oil removal in the presence of (a) 1 ppm
SRFA, (b) 10 ppm SRFA, (c) 1 ppm AA and (d) 10 ppm AA. (Solution condition: soft,
hard and sea waters, NPs concentration= 35.2 ppm and separation time= 18 h).
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Figure 3.7. Fluorescence spectra before and after oil removal. Oil removal in the
presence of (a) SRFA and (b) AA (solution conditions: soft, hard and sea waters, NP
concentration = 52.8 ppm and separation time = 18 h).
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Figure 3.8. GC-MS results for oil removal in the presence of (a) 10 ppm SRFA and (b)
10 ppm AA (solution conditions: soft, hard and sea waters, NP concentration = 52.8 ppm
and separation time = 18 h).
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CHAPTER 4

APPLICATION OF HIGH GRADIENT MAGNETIC SEPARATION FOR
OIL REMEDIATION USING POLYMER-COATED MAGNETIC
NANOPARTICLES

______________________________
Mirshahghassemi, S.; Ebner, A. D.; Cai, B.; Lead, J. R., Application of high gradient
magnetic separation for oil remediation using polymer-coated magnetic nanoparticles.
Separation and Purification Technology 2017, 179, 328-334.
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Abstract: Oil can be released into the environment from different sources such as runoff,
accidental oil spills and oily wastewater discharges produced during industrial activities
and can have dramatic impacts on the environment. The limitations of current clean-up
techniques have inspired researchers to study the application of nanotechnology for oil
remediation. Previously, we reported excellent oil-removal efficiency of a reference
MC252 oil using polyvinylpyrrolidone (PVP)-coated magnetic nanoparticles (NPs) from
an oil-water mixture under a wide range of environmentally relevant conditions. In the
current report, the same type of NPs were used with a HGMS technique for the rapid
removal of oil from oil-water mixtures in a continuous flow system. Using a high
magnetic field (0.56 T) and 1 h mixing time, fluorescence and inductively coupled
plasma-optical emission spectrometer (ICP-OES) data showed approximately 85–95% oil
and NP removal under all conditions. Gas chromatography–mass spectrometry (GC–MS)
results show 88 and near 100% removal of alkanes (C9-C22) for experiments in the
presence or absence of stainless steel wool, respectively. Continuous use over 7 h of
operation (17 L oil-water mixture was treated) showed no reduction in oil and NP
removal capacity. Results showed that increasing the magnetic field and inserting
stainless steel wool significantly increased oil and NP removal efficiencies. This study
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shows that using HGMS is a promising technique for oil remediation using PVP-coated
magnetic NPs.

4.1. INTRODUCTION
The use of oil and other hydrocarbons are a necessary and integral part of our
daily lives, although they also bring significant problems with the risk of spills and other
releases to the environment, with concomitant economic and environmental damages134.
Crude oil and petroleum products can be released into the aquatic systems from different
sources such as accidental oil spills, runoff and industrial activities such as petroleum
refineries, metal manufacturing and automotive industries 1. Oily discharges can damage
aquatic systems and can also contaminate groundwater and drinking water resources and
impact population centers 135. The most common clean-up techniques for removing oil in
oil spills are skimming, in-situ burning, dispersants and sorbents2. However, there are
challenges associated with these methods including low removal efficiency, high
operational cost and time and environmental constraints

136, 137

. Similar to the clean-up

techniques for oil spills, different wastewater treatment techniques have been proposed
for treatment of oily wastewater including electrochemical treatment138, microfiltration
139

, sorbent materials

140

and membrane bioreactor

141

. Although great progress has been

made in the application of these techniques, they have limitations such as high operating
costs, operating issues (e.g. membrane fouling) and slow removal rate142.
In recent years, the application of nanotechnology in water and wastewater
treatment has been widely investigated including for the removal of dyes

68

143, 144

, heavy

metals

145

and crude oil

25, 125

. Magnetic nanoparticles (NPs) are particularly interesting

due to their inherent low toxicity and magnetism allowing easy separation of NPs from
fluids

8, 25

. For example, Calcagnile et al. functionalized polyurethane foam by means of

oleic acid-capped superparamagnetic iron oxide NPs and polytetrafluoroethylene (PTFE)
particles which showed high water-repellency and fast oil absorption

19

. We have

synthesized polyvinylpyrrolidone (PVP)-coated iron oxide NPs capable of sorbing over
150 times its own volume of crude oil

25

. We have also developed a cost-effective,

efficient, low toxicity and facile hydrothermal synthesis technique to produce PVPcoated iron oxide NPs

11

. The synthesized iron oxide NPs show excellent oil removal

efficiency under different environmentally relevant conditions, including a wide
concentration range of natural organic macromolecules (NOM) and different ionic
compositions

11, 52

. The oil removal mechanism of PVP-coated magnetic NPs is likely

based on the hydrophobic effect forcing oil from the aqueous phase onto the PVP layer,
which is bound to the core. Magnets can then be used to separate the nanomaterial, with
associated oil, from the water

52

. Despite the excellent oil removal performance in the

previous studies, these techniques were only tested in the laboratory scale and their
performance at a larger removal scale remains unclear. In this study, a high gradient
magnetic separation (HGMS) technique, which can be utilized to remove oil in a
continuous and larger volume, was tested as a function of the operating parameters (e.g.
magnetic field strength, mixing time and stainless steel (SS) wool content). The HGMS
system has an externally applied magnetic field which can be energized using a fine
ferromagnetic wire matrix (e.g., SS wool) inserted into the column. This technique has
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been widely used in wastewater treatment

146, 147

, drug delivery

148

and other industries

such as paper manufacturing and food industry 149.

4.2. EXPERIMENTAL
The hydrothermal synthesis technique and NP characterization have been
published previously11 and a short summary is given here. In a typical synthesis process,
28.8 mM PVP (Mw 10 kDa, Sigma-Aldrich) was dissolved in 6.25 mL ultrapure water
(Millipore) while the solution was stirred at 80 ± 5 °C. Then, 160 mM FeCl2·4H2O (98%,
Alfa Aesar) and 640 mM FeCl3·6H2O (>98%, BDH) were added to the solution and
stirred at 80 ± 5 °C. Subsequently, 19.2 mM PVP was added while the solution was
stirred and the temperature was kept constant at 80 ± 5 °C. Finally, 6.25 mL ammonium
hydroxide (25–30%, BDH) was added dropwise with vigorous stirring and the solution
was stirred for 25 min at 90 ± 5 °C. After the mixture cooled down, the precipitates were
washed once with ultrapure water and separated magnetically and redispersed in water by
sonication. The NP suspensions were stored for the HGMS experiment.
In a typical oil removal experiment, crude oil from the Deepwater Horizon spill
(sample ID number: A0068H, Aecom Environment) was mixed with ultrapure water in a
vial via sonication (Branson 2800, 40 kHz, ambient conditions) for 30 min to prepare the
oil-water sample. The oil concentration used was 0.15 ± 0.05 g L−1 which is based on
literature data95 and is similar to our previous works11, 52. The NP concentration used was
18 ppm, which had been previously optimized11, 52. Following the preparation of an oilwater mixture, the NP suspension was added to the mixture and mixed for specific
periods of time (5 min or 1 h) using a mechanical stirrer. The suspension containing the
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NPs was then pumped into a glass column (upflow 40 mL min−1 with a velocity of 0.14
cm s−1 via a peristaltic pump; 300 mm length and 11.1 mm I.D.) within the magnet
assembly, with no water recirculation. The eluent was then collected in several small
sample bottles to measure oil and NP removal efficiencies. A 0.18 or 0.56 T permanent
magnetic assembly consisting of two 2 × 4 × 0.5 inch NdFeB blocks with a minimum gap
of 5/8 inch was used as the magnetic source. The magnetic field strength was changed by
adjusting the gap between the two magnets and the magnetic field was measured using a
Model 4048 Bell Gauss/Tesla meter. For additions of SS wool, an AISI 434 stainless
steel wool (average fiber width: 120 µm), packed at different packing densities (50 and
100 mg SS wool in the column) was placed in the column and magnetically energized.
The external magnetic field created large magnetic field gradients around the SS wool
which improved the removal efficiency [26]. In the absence of SS wool, NPs were
collected by the magnetic field on the wall of column. In the presence of SS wool, NPs
were collected either on the wall of column or were trapped in the SS wool. Each HGMS
experiment was replicated three times. Following the HGMS experiment, the column was
removed from the magnetic field and collected NPs were removed by rinsing with ultrapure water. The variables studied include the applied magnetic field strength, mixing time
and SS wool content. Fig. 4.1 shows a schematic of HGMS system used in this study 150.
To study the performance of HGMS process, oil and NP concentrations before
and after HGMS was measured. Oil concentration was measured by fluorescence
spectroscopy and individual alkanes removal efficiencies were further quantified using
gas chromatography–mass spectrometry (GC–MS). For the fluorescence measurements,
emission spectra of oil-water mixtures were recorded over the range of 350–650 nm at
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the excitation wavelength of 337 nm using a Horiba Jobin Yvon Fluorolog-3
spectrofluorometer. This excitation wavelength has been used to detect polycyclic
aromatic hydrocarbons of crude oil 98. A calibration curve was obtained based on samples
with known oil concentration and the oil removal efficiency was quantified. GC–MS
analysis was performed on an Agilent 6890 N gas chromatography system and an Agilent
5975 mass spectrometer equipped with an autosampler (Agilent 7683B) to quantify the
removal efficiency for individual hydrocarbons. The samples were prepared via
extraction in dichloromethane (>99.8%, Sigma-Aldrich). The analytical column was an
Agilent TG-5MS (30 m × 0.25 mm I.D., 0.25 µm film thickness) coated with 5%
phenylmethylsiloxane stationary phase. High purity helium (99.9%) at a constant flow
rate of 1.5 mL min−1 was used as the carrier gas. The injection port was maintained at
250 °C in splitless mode and 1 µl of extracted sample was injected. Spectra were
obtained in the electron impact mode (70 eV) scanning from 40 to 400 m/z. The oven
temperature was operated from 40 to 300 °C rising at 10 °C/min. A full scan mode was
used and alkanes were monitored in the initial oil-water mixture and the last collected
sample after HGMS.
To measure NP removal efficiency, NPs in the initial oil-water-NP mixtures and
suspensions remaining after the HGMS treatment were digested by fresh aqua regia and
the total iron concentration was measured, after dilution, using a Varian 710-ES
inductively coupled plasma-optical emission spectrometer (ICP-OES). The removal
efficiency of both oil and NP was measured simultaneously from the same collected
solutions. Mean and standard errors of data are provided.
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The comparison of operating parameters on the oil and NP removal efficiencies
was conducted using the one-way analysis of variance (ANOVA) with random effects,
which is the simplest case of the linear mixed effects model. The typical ANOVA
analysis was not used for multiple group tests because each effluent had repeated
measures based on three repeated experiments, which are somewhat correlated. This
violated the independent assumption in the ANOVA. By including random effects into
the ANOVA, we could accommodate the correlation within subject (i.e. the correlation
among repeated measures for each effluent) and the variation across different collected
samples. Statistical analysis was performed by using R software (version 3.2.1). The
statistical significance was set as p < 0.05.

4.3. RESULTS AND DISCUSSION
To study the effect of magnetic field strength on the oil and NP removal
efficiencies, HGMS experiments were performed using two different magnetic field
strengths (0.18 and 0.56 T) which are comparable to previous studies 151, 152. In this set of
experiments, the mixing time was 1 h and, for the experiment in the presence of SS wool,
100 mg of SS wool was inserted in the column. Based on the fluorescence and ICP-OES
results (Fig. 4.2a) in the absence of SS wool, using a magnetic field of 0.18 T and 0.56 T,
the oil removal percentage was 81.4% ± 2.9 and 87.3% ± 4.0, while the NP removal
efficiency was 48.8% ± 3.8 and 84.4% ± 5.2, respectively. At the higher magnetic field
(0.56 T), the insertion of 100 mg SS wool into the column changed oil and NP removal
from 87.3% ± 4.0 to 89.5% ± 3.0 and from 84.4% ± 5.2 to 92.9% ± 2.6, respectively,
compared to the experiment in the absence of SS wool (Fig. 4.2a). These results, showing
a high oil removal and low NP removal at low magnetic strength and no increase in oil
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removal at the higher NP removal% and higher field strength (Fig. 4.2b and c), suggest
that only a fraction of the NPs are responsible for oil sorption. Most likely this is due to
the (a) heterogeneity of oil-NP agglomerates or (b) the polydisperse nature of the PVP
coating on the NPs, with a specific fraction of the (highly coated) NPs active in
separation. The low magnetic field presumably removes the larger oil-NPs agglomerates
resulting high oil removal efficiency. At the high magnetic field, more of the individual
dispersed NPs are also removed. Moreover, results indicated that increasing the magnetic
field strength and inserting SS wool in the column provides a small but highly significant
enhancement of oil and NP removal efficiencies (P-value < 0.0001). The external
magnetic field creates larger magnetic field gradients around the SS wool which
improves the oil and NP removal150. Increasing the magnetic field increases oil and NP
removal. However a narrower gap between the magnets is required meaning that lower
volumes of the oil-water mixture can be treated compared to the condition using a lower
magnetic field. A trade-off therefore exists between volume treated and efficacy of
treatment which must be optimized on a case by case basis.
Fig. 4.3 shows the chromatograms for the oil-water mixtures before and after
HGMS and removal percentages for the individual hydrocarbons obtained by GC–MS.
Chromatography peaks for all suspensions after treatment were significantly reduced
compared to the original oil-water mixture, showing the removal of alkanes (Fig. 4.3a
and b). Using a lower magnetic field (0.18 T) and in the absence of SS wool, results
indicate that approximately 60% of all detected alkanes (C9-C22) were removed (Fig.
4.3c). Adding 100 mg of SS wool to the column, hydrocarbon removal efficiency
increased by approximately 10% (Fig. 4.3c). Fig. 4.3d shows that using 0.56 T magnetic
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field, in the presence and absence of SS wool, there was approximately 100% and 80%
removal of all detected alkanes (C9-C22), respectively.
Fig. 4.4 shows the effect of mixing time (5 min and 1 h) on oil and NP removal
efficiencies. In this set of experiments, a magnetic field of 0.56 T in the presence of 100
mg of SS wool was used. For a 5 min mixing time, 90.7% ± 1.8 and 88.6% ± 1.7 oil
removal and 75.3% ± 1.6 and 62.6% ± 3.3 NP removal was achieved in the presence and
absence of SS wool, respectively (Fig. 4.4a). GC–MS results also showed that using a
five minute mixing time, greater than 86% and near 80% of alkanes (C9-C22) were
removed with and without SS wool, respectively (Fig. 4.4d). By increasing the mixing
time to 1 h, there was a small but significant improvement in NP removal efficiency,
92.9% ± 3.0 and 84.4% ± 5.2 in the presence and absence of SS wool, respectively (Pvalue < 0.0001). Increasing the mixing time presumably enhanced interactions between
oil and NPs resulting in a more strongly bound oil-NP complex. Subsequently, the NPs
aggregated and removal efficiency improved. However, increasing the mixing time did
not significantly alter the oil removal efficiency (P-value > 0.05). This again suggested
that a fraction of NPs are responsible for oil sorption. GC–MS results show that using 1 h
mixing, in the presence and absence of SS wool near 100% and greater than 88% of C9C22 were removed, respectively (Fig. 4.4d). Based on both sets of data, it appears that the
aromatic fraction is more easily removed (in the absence of full removal of the NPs),
while the aliphatic hydrocarbons are sorbed more equally over the NPs, indicating
different modes of removal.
We studied the removal efficiency of the pristine NPs in the absence of oil to
investigate if the oil enhances their removal. A magnetic field of 0.56 T with no SS wool
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was used. Pumping the pristine NPs through the column, no color change in the
suspension was observed and based on ICP-OES results, approximately 10% of NPs were
removed (data not shown). This suggests that the oil coating on the NP surface enhanced
agglomeration of the NPs, enhancing the NP magnetic separation resulting in increased
removal. As the magnetic NPs are single-domain and magnetic force upon a magnetic
particle is linearly proportional to its volume, magnetic separation is more effective on
the aggregated oil-NP complexes which resulted in higher NP removal efficiency

133

.

Previous use of atomic force microscopy (AFM) and dynamic light scattering (DLS)
showed that the NPs strongly aggregate upon oil addition11, 25 and this appears to be the
likely cause of increased magnetic removal in the presence of oil.
The effect of SS wool content on oil and NP removal efficiencies were studied by
conducting the separation experiment using a low magnetic field (0.18 T) and 1 h mixing,
with and without SS wool. Based on both fluorescence and ICP-OES data, increasing the
SS wool content from 0 to 100 mg, the oil and NP removal efficiencies increased from
81.4% ± 2.0 to 86.7% ± 0.9 and from 48.8% ± 2.7 to 68.1% ± 0.4, respectively (Fig.
4.5a). GC–MS results also reveal that increasing the SS wool content increased
hydrocarbon removal efficiencies (Fig. 4.5d). For example, in the absence of SS wool,
alkane removal efficiencies (C9-C22) were 50–72%, while using 100 mg SS wool, C9C22 removal efficiencies were between 73% and approximately 100% (Fig. 4.5d).
Inserting the SS wool in the column can energize SS wool and creates larger magnetic
field gradients around the fine ferromagnetic wires, thereby improving the removal
efficiency150. Statistical analysis showed that increasing the SS wool content from 0 to
100 mg significantly increased oil and NP removal efficiencies (P-value < 0.0001).
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However, the statistical analysis does not show a significant increase in oil removal for
the experiment with 50 mg SS wool compared to the experiment with no SS wool. For
the experiment in the presence of 50 mg SS wool, it is likely that a large fraction of the
SS wool was oriented in the direction of the flow. In this situation, that part of the SS
wool has no magnetic field of its own to collect oil.
Finally, we tested the HGMS system for a longer time by running the system for 7
h (3.5 h in two consecutive days) and treating nearly 17 L oil-water mixture (oil
concentration was 0.15 g L−1). In this set of experiments, magnetic field of 0.56 T and 1 h
mixing was used i.e., the optimum removal conditions. Fig. 4.6a and b show the oil and
NP removal efficiencies for the experiment in the presence and absence of SS wool.
Removal in all cases was greater than 80%. It is also clear that, despite fluctuations over
time (probably due to instrument drift, despite calibration, and variation due to changing
batches of sample every hour) that oil removal was slightly, but significantly, improved
in the presence of the SS wool. However, no significant changes were observed for NP
removal. The lack of correlation indicated again that a subset of the NPs removes most of
the oil. Our results show that even after 7 h of operation (17 L of oil-water mixture was
treated), the oil and NP removal efficiencies for both separation conditions and the ability
of the system to work were unchanged, indicating excellent removal efficiency over time
(Fig. 4.6a and b) and the potential of the system to be used at a larger scale.
Clearly, the primary motivation in this technique is oil removal and our
preliminary data indicates there may be benefits in leaving these NPs in situ in the
environment (data not shown). Certainly, oil is considerably more hazardous than these
NPs. Nevertheless, given the concerns regarding NPs as an emerging contaminant
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127, 153-

159

, it may also be important to be able to remove the NPs and prevent them being

discharged to the environment in order to meet any pertaining regulatory requirements160.
Additionally, for commercial applications, an improved NP capture efficiency and oil
removal would reduce costs and waste discharges. A scaled-up version could simply use
larger volumes and flow rates, or develop this system in a massively parallel format. In
this case, the NPs would be added to the oil-water mixture and pumped through a HGMS
to separate the nanomaterial, with associated oil, from the contaminated site. Alterations
of residence time or magnet strength can be used in practice to remove greater
percentages of the NPs, in scaled-up processes.

4.4. CONCLUSIONS
Previously, we have shown a facile synthesis of PVP-coated magnetic NPs which
are cheap, environmentally-friendly and reliable as a technique for oil removal under a
wide range of environmentally relevant conditions. This study demonstrates that these
NPs can be used in a larger scale for the removal of oil from an oil-water mixture (or
potentially from oil contaminated soil slurries). Using a high magnetic field (0.56 T) and
1 h mixing time, fluorescence and ICP-OES data showed approximately 85–100% oil and
NP removal under most conditions, with the higher magnetic field and the presence of SS
wool giving significantly improved separation of both oil and NPs. However, only a
fraction of the NPs were used in oil removal (particularly for the aromatic fraction),
suggesting that efficiency improvements can be made by more exacting synthesis
conditions, which will reduce cost and environmental impact.
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Figure 4.1. Schematic diagram of the HGMS system: (A) stirred oil-water-NPs mixture;
(B) peristaltic pump; (C) magnet; (D) SS wool (if used); (E) treated solution.
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Figure 4.2. Effect of magnetic field strength on the oil and NP removal efficiencies (a)
oil and NP removal for the last collected sample, (b) oil removal efficiency and (c) NP
removal efficiency (mixing time: 1 h and mass of SS wool: 100 mg).
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Figure 4.3. GC–MS results. (a and b) Chromatograms and (c and d) mass spectrometry
results for the solution remaining after HGMS (mixing time: 1 h and mass of SS wool:
100 mg).
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Figure 4.4. Effect of mixing time on the oil and NP removal efficiencies (a) oil and NP
removal for the last collected sample, (b) oil removal efficiency, (c) NP removal
efficiency and (d) mass spectrometry results for the solutions remaining after HGMS
(magnetic field strength: 0.56 T and mass of SS wool: 100 mg).
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Figure 4.5. Effect of SS wool content on oil and NP removal efficiencies (a) oil and NP
removal for the last collected sample, (b) oil removal efficiency, (c) NP removal
efficiency and (d) mass spectrometry results for the solutions remaining after HGMS
(magnetic field: 0.18 T and mixing time: 1 h).
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Figure 4.6. Breakthrough experiment in the presence and absence of SS wool. Vertical
gridlines show when the new oil-water-NP mixture was pumped (magnetic field: 0.56 T,
mixing time: 1 h and for the experiment in the presence of SS wool, 100 mg of SS wool
was used). In the absence of SS wool, the average and standard deviation of oil and NP
removal efficiencies were 81.2% ± 1.8 and 81.2% ± 1.9 and in the presence of SS wool,
the oil and NP removal efficiencies were 89.5% ± 2.9 and 82.0% ± 2.2, respectively.
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CHAPTER 5
CONCLUSION

Oil can release into the environment from different sources such as runoff,
accidental oil spills and oily wastewater discharges and can have dramatic impacts on the
environment. Application of iron oxide NPs for environmental remediation is becoming
popular because of their low cost, easy separation from water and low toxicity. In this
study, we developed a cheap and facile hydrothermal method to synthesize PVP-coated
magnetite NPs to separate a reference MC252 oil from oil-water mixture. The synthesis
technique does not use organic solvents and requires lower temperatures compared to
other synthesis techniques. Based on the results from AFM and DLS, the median particle
size and hydrodynamic size is 11.2 nm (interquartile range: 6.3-18.3 nm) and 127.4±4.2
nm, respectively. According to XRD pattern, the dominant phase of NPs is magnetite
(Fe3O4), although the presence of maghemite cannot be discounted. The FT-IR result
suggests that NPs are coated by PVP through the PVP carbonyl group as reported in the
literature. Moreover, 8.5% of mass of NPs belong to their PVP coating as obtained from
the thermogravimetric analysis (TGA).
Following NPs characterization, we studied the oil removal efficiency of NPs
under a wide range of environmentally relevant conditions. Results showed 100% oil
removal in ultra-pure water using the optimum condition (NP concentration: 17.6 ppm,
magnetic separation: 40 min). GC-MS results showed 100% removal of lower chain
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alkanes (C9-C21) and greater than 67% of C22-C25 removal. These results are in
agreement with H-NMR and UV-Vis data. Using the same NP concentration, essentially
100% oil removal from synthetic freshwaters and sea water in the absence of NOM was
observed. Also, nearly 100% of C9-C20 alkanes were removed. To further challenge the
NPs and to mimic natural fresh and sea waters, oil removal in soft, hard and sea waters in
the presence of 1 and 10 ppm SRFA and AA was performed. The presence of NOM led
to a statistically significant decrease in oil removal with NOM acting as a competitive
phase for either PVP or oil and reducing NP-oil interactions driven by the hydrophobic
effect of PVP coating (p-value < 0.05). Ionic strength facilitated oil sorption presumably
by enhancing the magnetic separation of the oil-NP complex or altering PVP
hydrophobicity (p-value < 0.05). Alteration of the separation conditions allowed optimal
oil removal, with essentially 100% oil removal under most but not all conditions. Using
higher NP concentrations and longer magnetic separation times, nearly 100% removal
was observed in most of the conditions.
Using the same type of NPs, the application of HGMS technique for the rapid
removal of oil from oil-water mixtures in a continuous flow system was studied. In the
absence of SS wool, using a magnetic field of 0.18 T and 0.56 T, the oil removal
percentage was 81.4% ± 2.9 and 87.3% ± 4.0, while the NP removal efficiency was
48.8% ± 3.8 and 84.4% ± 5.2, respectively. For a low magnetic field (0.18 T) and 1 h
mixing, increasing the SS wool content from 0 to 100 mg, the oil and NP removal
efficiencies increased from 81.4% ± 2.0 to 86.7% ± 0.9 and from 48.8% ± 2.7 to 68.1% ±
0.4, respectively. Inserting the SS wool in the column can energize SS wool and creates
larger magnetic field gradients around the fine ferromagnetic wires, thereby improving
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the removal efficiency. We also tested the HGMS system for a longer time by running the
system for 7 h (3.5 h in two consecutive days) and treating nearly 17 L oil-water mixture.
Using a magnetic field of 0.56 T and 1 h mixing time, oil and NP removal in presence
and absence of SS wool was greater than 80%.
Moreover, in our other study28 (appendix A), a novel continuous flow-through
synthesis technique, which converted the co-precipitation synthesis conditions, was
developed to produce large quantities of PVP-coated magnetic NPs for oil remediation.
Results showed that NPs produced by this technique largely maintained the structural
properties, although both core and hydrodynamic size of the NPs were slightly larger than
those from the batch method, potentially affecting specific surface area and their ability
to remove oil from aqueous solutions under challenging conditions. Nevertheless, oil
removal from synthetic seawater in the presence and absence of NOM indicated excellent
oil removal capacity (essentially 100% removal) which is comparable to the efficiency of
the NPs synthesized from batch method.
In this dissertation, we developed a facile and cost-effective synthesis technique
to produce PVP-coated magnetic NPs, tested their oil removal efficiency under a wide
range of environmentally relevant conditions, scaled-up the synthesis technique and
proposed a deployment technique for oil separation. PVP-coated magnetic NPs were
shown to be a reliable technique for oil separation from water under different realistic
conditions. Possible deployment scenarios include a) using a magnetic separation
technique to remove PVP-coated magnetic NPs from the environment, or b) releasing
PVP-coated magnetic NPs in the contaminated environment to facilitate oil
biodegradation. In the first technique NPs can be reused which decreases operational
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cost, although collection itself increases the cost and complexity. This method could be
used in a protective manner at sensitive sites (such as aquaculture farms, sites of
particular natural beauty or scientific interest, etc.). The second technique is simpler in
term of deployment and might allow control of exposure of oil and NPs, however largescale release may present risks. This technique is applicable for incidents where
collection

is

not

feasible
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(e.g.

harsh

weather).
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